Exponentially growing cells of Bacillus subtilis and Escherichia coli were Gram stained with potassium trichloro('q2-ethylene)platinum(II) (TPt) in place of the usual KI-12 mordant. This electron-dense probe allowed the staining mechanism to be followed and compared with cellular perturbations throughout the staining process. A crystal violet (CV)-TPt chemical complex was formed within the cell substance and at the cell surface of B. subtilis when the dye and Pt mordant were added. The ethanol decolorization step dissolved the precipitate from the cell surface, but the internal complex was retained by the cell wall and remained within the cell. This was not the case for E. coli; the ethanol decolorization step removed both surface-bound and cellular CV-TPt. During its removal, the outer membrane was sloughed off the cells until only the murein sacculus and plasma membrane remained. We suspect that the plasma membrane was also perturbed, but that it was retained within the cell by the murein sacculus. Occasionally, small holes within the murein and plasma membrane could be distinguished through which leaked CV-TPt and some cellular debris. Biochemical identification of distinct envelope markers confirmed the accuracy of these images.
Although the Gram reaction is a technique on which much of the criteria for bacterial taxonomy resides, the actual effect of the stain on cells is imperfectly understood. There is general agreement that the staining response between gram-negative and -positive bacteria is due to a fundamental permeability difference between the two types of cells and that this difference resides within the molecular fabric of their enveloping layers (1, 2, 4, 26, 28, 32) . Clearly there are distinct structural differences between the two wall types (4); these unique structural traits are the result of profoundly different chemistries (4, 11, 25) . Presumably, it is these features that, in concert, control the end result of the Gram stain.
Recently, we have defined the chemical mechanism of the Gram stain and, using this information, have designed potassium trichloro('q2-ethylene)platinum(II) (TPt) as an electron-dense chemical mordant to replace the KI-12 of Gram's iodine solution (9) . Since crystal violet (CV) is a chloride salt, it interacts with iodide in solution by simple metathetical exchange (i.e., the bulky 1-replaces the smaller Cl-, and a CV-I precipitate results) (9) . The TPt anion (TPt-) is also a bulky anion and complexes with CV+ to produce a CV-TPt precipitate which is completely analogous to CV-I (9) . In this paper, we use TPt-as an electron-dense probe to study the cellular responses of Bacillus subtilis and Escherichia coli to the various steps of the Gram stain.
MATERIALS AND METHODS
Growth of cells, the Gram staining method, processing for electron microscopy, and conditions of electron microscopy and EDS. B. subtilis 168 and E. coli K-12 stain AB274 were used for this study. The cells were grown and processed through the Gram reaction as outlined according to Davies et al. (9) . LB broth (3) was used with both bacteria for the 3H-labeled phospholipid experiment. All processing for electron microscopy, actual imaging, and energy dispersive X-ray analysis (EDS) was done as previously described (9) . All images from thin sections reported in this paper had the contrast increased by uranyl acetate and lead citrate staining, except for the elemental distribution maps which used unstained thin sections.
Platinum distribution maps were produced with the Pt (Mo, and La) lines. Lines slightly removed from the Pt lines (both upstream and downstream) were used to produce maps of the continuum to check that the Pt maps were real. The scanning transmission electron microscope (STEM) was operated at 80 kV and 85 ,uA with a 50-,um condenser aperture at a magnification of x37,500. The total scan time was 500 s.
Although some Epon 812 embeddings were attempted, Durcupan (Fluka AG, Buchs SF, Switzerland), which is a water-miscible resin, proved to be the plastic of (9) was not long enough to completely decolorize all of these cell masses, but light microscopy confirmed that a majority had been washed free of the dye.
Electron microscopy of B. subtilis during the Gram reaction. Previous work had demonstrated that CV-TPt could be detected within cells by electron microscopy (9) . The staining of these same sections of cells with uranyl acetate and lead citrate added enough contrast to the cellular structure, without displacing the Pt probe (as monitored by EDS), that ultrastructural detail could be distinguished.
B. subtilis showed a surprising retention of cellular detail when treated with CV (no TPt) and decolorized ( Fig. la) . Ribosomes, plasma membrane, and the wall fabric could be detect- ed. The wall remained intact ( Fig. ib) and retained its typical 22-to 25-nm thickness (5). Cells that had been stained by the CV-iodide method resembled the CV cells in every way except that the cytoplasm contained voids (Fig.  lc) . These were attributed to areas which had previously contained the CV-I precipitate until the energy of the electron beam sublimed the iodine from the section to leave empty spaces (9) .
CV-TPt sections revealed electron-dense deposits scattered throughout the cytoplasm. The plasma membrane was retracted from the wall (Fig. 2a) . EDS of the electron-dense deposits confirmed that they contained Pt (9) . STEM-EDS platinum maps of bacteria before and after ethanol decolorization failed to reveal differences between the two treatments ( Fig. 2b ized often contained CV-TPt deposits on the surface of the cell wall (presumably this was external precipitate that had condensed on to the cell surface during chemical metathesis of exogenous CV+ and TPt-) (Fig. 2f ). These were not seen after ethanol treatment (the ethanol had dissolved and washed them away) (Fig. 2a) , but occasionally, the wall was buckled and contained electron-opaque material within its lumen (Fig. 2e) . EDS proved this material to be CVTPt. This suggested that it was the fabric of the wall, and not the PM, which retained CV-TPt during decolorization. Biochemical identification of cellular products extracted from B. subtilis during the Gram reaction. Table 1 shows the amount of protein which was extracted from B. subtilis during each step of the Gram reaction. Both the CV-I and CV-TPt methods were employed. In all cases, whether iodide or TPt were used or whether the cells were decolorized or not, the percent protein extracted did not exceed 7.8% of the total cellular protein. Presumably, it was the wall fabric which prevented more substantial loss of protein from cells during the Gram reaction. Table 2 shows the amount of phospholipid which was removed during each step of the Gram reaction. Since ethanol is a membrane perturbant (12, 18) it is expected that lipid would be removed. Of the cellular lipid 30 to 43% was removed by CV, CV-I and CV-TPt without (Fig. 3a) and within the periplasm (Fig. 3b) . Alcohol decolorization reduced the amount of cytoplasmic substance, congealed the remaining cellular contents, and produced large regions devoid of electron-scattering power (Fig. 3c) . These cells did not produce a strong Pt signal with EDS, and presumably the cytoplasmic voids had initially contained CV-TPt (9). In many instances only the ghosts of cells remained (Fig. 3d) .
Close examination of these bacteria during decolorization revealed a disruptive membrane effect (Fig. 4) . When a time sequence of embeddings was made during the decolorization process, the membrane perturbation could be more accurately followed (Fig. 5a to f) . Initially, the outer membrane (OM) began to buckle and fold until it eventually sloughed off the cell surface. This continued until only small OM fragments were left, or until the murein layer (peptidoglygan [PG]) was laid bare. In some cells, small holes were eventually produced in the remaining layers (PG and PM) through which CV-TPt and cellular debris extruded (Fig. 6 ). The end result was a lysed ghost that retained the original shape and form of the bacterium (Fig. 3d) .
Semi-quantitative STEM-EDS analyses of CV-TPt cells before and after ethanol treatment confirmed that there was a drastic reduction of Pt (i.e., CV-TPt) in bacteria that had undergone decolorization. In fact, elemental maps of the cells revealed that the CV-TPt distribution was more widely dispersed in the treated cells ( Fig.  7a and b) . Point EDS analyses corroborated the elemental maps ( Fig. 7c and d ) and this was especially apparent when the spectrum of the treated cells was subtracted from that of the untreated cells (Fig. 7e) ; a substantial Pt peak remained.
Biochemical identification of cellular products extracted from E. coli during the Gram reaction. (Table 5 ). In addition, SDS-PAGE of the released products demonstrated that the OmpA, OmpC and possibly OmpF proteins were abundant in the Gram supernatant (Fig. 8) . Taken in concert, these biochemical data support the electron microscopic results and suggested that the OM had been disrupted during the Gram stain.
DISCUSSION
The results reported in this paper provide an understanding toward the events that occur to bacteria during the Gram stain. Two bacteria were chosen as representatives of the two Gram types, B. subtilis and E. coli, and they were subjected to the Gram reaction using a new electron-opaque probe to replace the iodide of Gram's iodine (9) . Under the conditions employed, these bacteria reacted unequivocally to the stain; B. subtilis stained gram-positive, and E. coli stained gram-negative (9) .
With B. subtilis, a metathetical ion exchange product (CV-TPt or CV-I) forms both at the cell surface and within the cell substance during the product from within the bacteria which is restricted from migration by the molecular fabric of the wall; presumably, the CV-TPt complex is too large to penetrate through the interstices of the PG-teichoic acid matrix. (Under our growth conditions, the walls should be in the teichoic C acid form, and teichuronic acid should not be present [6] ). The CV+ (1.88 by 0.65 nm; see reference 9) and TPt-(0.82 by 0.62 nm; see reference 9) ions permeate through the wall fabric and interact and combine with one another inside the cell. Here, a large precipitate of (21) . CV-TPt is formed which can be detected by electron microscopy. This precipitate is spread throughout the cell substance and occupies a substantial volume of the cell; very little is removed by ethanol treatment (the 14% difference [see Results] is most probably due to surface-bound CV-TPt). Our conception of these cells after ethanol treatment is diagrammed in Fig. 9 .
At least three explanations could explain the retention of the complex within B. slubtilis during ethanol treatment. First, it is possible that the CV-TPt precipitate is not dissolved by the ethanol within the interior of the cell. If this were true, the large dye aggregate would be too large to exit from the cell. Second, it is possible that the CV-TPt aggregate is dissolved but that the dissociated complex (ca. 2.50 by 1.00 nm) is too bulky to penetrate through the wall matrix. As the ethanol is replaced by an aqueous counterstain (e.g., carbol fuchsin) during the next step of the Gram reaction, the CV-TPt would again precipitate out of solution within the contents of the cell. The last possibility is a combination of the first two; in this case, only a small proportion of the CV-TPt complex would be solubilized by the ethanol, and this proportion would be free to migrate from the bacteria. Of the three possibilities, the second choice is the most attractive. In vitro, CV-TPt is soluble in ethanol, and it is difficult to imagine that the cellular precipitate could be different. The method of decolorization used in our experiments relied on the fact that excess ethanol was used (see reference 9), and this should be sufficient to dissolve all cellular precipitate. Therefore, possibilities 1 and 3 seem untenable. The lattice constant of dried PG is smaller than that of the hydrated form (8, 14) . Ethanol should replace or reduce the content of water within the wall fabric, condense the polymeric network (23), and shrink the dimensions of the lattice constant (4, 8, 14) . The end result is that the fabric of the wall should become even more impermeable to the dye complex. The lattice constant in dried PG foils suggests that the glycan strands are separated by 0.44 nm and that the dimer repeat along the strand is 0.90 nm. Of course, not all strands of PG are cross-linked by tetrapeptide stems (B. subtilis has a cross-linking efficiency of 30%), but the limiting dimension should be 0.44 nm. Indeed, disregarding the secondary polymers, up to 24 separate sheets of PG piled on top of one another could fit into the thickness of the B. subtilis wall (4). The planar alignment of these sheets within the wall would also affect the permeability characteristics and further inhibit the dye complex from migrating out of the cells.
The molecular architecture of the E. coli wall is different than that of B. subtilis. Instead of an amorphous matrix of interwoven peptidoglycan and teichoic (or teichuronic) acid strands, the E. coli wall is partitioned into two separate entities, the PG (which is most probably a monolayer [7] ) and the OM (an asymmetric LPS-phospholipid bilayer which is interspersed with protein, the majority of which consists of three or four major polypeptide species [4, 11, 15] ). The OM is chemically linked to the PG (murein) layer by lipoprotein (through covalent interaction with the diaminopimelic acid of the PG peptide stem) and matrix (or porin) protein (through magnesium salt bridging) (4, 11) . Clearly, the Gram reaction affects these walls in a profoundly different manner than the grampositive variety. It is the OM which is immediately affected by the ethanol. This is one of the prime differences between the two systems. This membrane eventually disappears from the cell surface to reside permanently in the external milieu as membrane sheets or vesicles after rehydration. The resulting cell becomes leaky at this stage, and exudes the CV-TPt complex and some cellular constituents (protein and nucleic acid can be detected by their UV spectra). Eventually, in some cells, small holes occur in the PG and PM through which particulate cellular debris and CV-TPt are seen to escape.
Two general mechanisms of membrane interaction with ethanol can be assumed. First, it should intercalate into membrane with concomitant disturbance of native membrane structure. Second, the polar hydroxyl group should interact with the hydrophilic head groups of membrane lipids resulting in a disruption of their normal ionic affinity for small ions, such as Mg2+ or Ca2 , or charged molecules such as proteins or water. The latter possibility would perturb the boundary water of the membrane by the dehydration effect of ethanol. Although membrane fluidity does not seem to be affected, a variety of complex alterations within and without the membrane are possible (12, 16, 17, 18) .
Our perceptual view of the OM of E. coli is that it is a more rigid membrane than the PM, that it is physically supported by chemical linkage to the PG, and that, consequently, it is more able to withstand environmental stress than the PM (4, 11) . This presents a conundrum; why is the PM not disturbed to a greater degree than the OM? It is our contention that the PM is perturbed; after all, it is not very different from the B. subtilis PM, and our B. subtilis results indicated that intracellular CV-TPt breached the PM but was trapped by the wall. We believe that the E. coli PM is disrupted in a similar manner but that the sheets and vesicles thus formed are too large to penetrate through the PG layer. In fact, PM disruption during the decolorization step FIG. 9. Artist's rendering of a B. subtilis cell after the ethanol decolorization step of the Gram reaction. The cell wall (W) remains intact. Although in this drawing and in the electron microscopy ( Fig. lc and  2a ) the PM appears to be intact, it is more probable that the ethanol has disrupted this membrane with concomitant release of some of the CV-TPt complexes into the periplasm where it is trapped by W. The unlabeled arrows point towards intracellular and wallbound CV-TPt. The intracellular CV-TPt is embedded in the cell substance (CS) matrix. No attempt has been made to accurately define the dimensional aspects of this cell, and the W, PM, and periplasmic space have been exaggerated to clarify the staining results. The OM is sloughing off from the cell, whereas the PG and PM remain intact. As explained in the discussion of the text, the intact PM may be an artifact of electron microscopy. The CV-TPt complex is the electron dense precipitate that is scattered throughout the internal cell substance (CS). (b) Most of the OM has been removed (only a few fragments remain) and much of the CV-TPt has been leached from the CS. (c) A small localized hole has developed (usually at one pole) in the PG and PM through which the remaining CV-TPt and some of the CS is passing. The dimensional aspects of these drawings are by no means accurate, and certain structures (e.g., the periplasmic space) have been exaggerated for the clarity of the image. Like all artistic representations and model systems, we have no doubt simplified the series of events. As our tools for deciphering molecular events at the subcellular level become more acute, we expect more definitive explanations to be obtained.
would leave the PG as the only remaining obstacle to the removal of intracellular CV-TPt. Since this layer is most probably a monolayer (7) , since the PG is only 20 to 30% cross-linked (10, 22, 30) , and since discontinuities within the monolayer must exist to accommodate lysozyme and autolysin digestion (4, 13), this layer could not present the same sort of barrier to the dye complex as the B. subtilis wall. Once the ethanol-treated bacteria were reequilibrated back to aqueous conditions, the fragments of PM would reanneal to form an encompassing membrane. By electron microscopy, this membrane would resemble the original PM in shape and form.
The observation that some cells of E. coli develop small localized lesions within the PG and PM during ethanol treatment is of interest. There is the possibility that these are distinct sites of autolytic activity within the PG fabric. Our subjective analyses (no statistics were attempted) by electron microscopy suggested that these occurred most frequently at one polar end of the cell (the newly synthesized end?). They did not develop until the OM had been removed (a stringent control?). Ethanol decreases the extent of cross-linkage in the PG causing eventual lysis (16, 17) . The reduction of cross linkage is due to a displacement and concomitant folding of the glycopeptide carboxypeptidase and transpeptidase (16) which are membrane bound (19, 24, 31) . Since ethanol has disrupted the E. coli membranes during the decolorization step, it is possible that the localized lesions seen in the PG are the end result of carboxypeptidases and transpeptidases displaced from the membrane. If a hole did occur, then the underlying PM could bleb and escape, exposing the cell interior. A model system for the decolorization process in E. coli is presented in Fig. 10 .
In summary, using electron microscopy and TPt (which is apparently chemically analogous to the iodide of Gram's iodine [9] ), we have followed the stain complex of the Gram reaction and related it to the ultrastructural alterations manifest within one gram-positive and one gramnegative bacterium. These observations have been related to biochemical changes during the staining response. The difference between the two cell types appears to reside solely in the fundamental molecular dissimilarities within their wall fabrics. Milton Salton knew the answer all along (26)!
